Abstract. Since the human dynamic balance system is nonlinear, common models can hardly characterize the adjustment process of human dynamic balance veritably. In this research, the particle swarm optimization (PSO) algorithm and back propagation (BP) neural network algorithm had been introduced to the identification of nonlinear system models for human dynamic balance. Firstly, in order to establish BP neural network based on prediction model about human dynamic balance system, torque and angle of human ankle for 50 healthy college students had been acquisited to act as input and output of nonlinear identification respectively in conditions of suffering random visual excitation; secondly, aiming at improving the convergence performance of conventional BP neural network, this article adopted PSO algorithm to optimize the initial weights and thresholds of BP neural network and then the prediction model based on PSO-BP algorithm had been built; finally, the predictive results before and after optimization had been compared. According to the results of simulation and quantitative comparison, the presented algorithm had accomplished modeling for the adjustment process of human dynamic balance, and it also showed that PSO optimization algorithm not only improved the performance of BP neural network, making it didn't fall into local minimum easily, but also strengthened the generalization capability and enhanced prediction accuracy, making it more truly and accurately to characterize the adjustment process when human body maintains dynamic balance.
Introduction
The dynamic balance ability of human body is an ability that human body carries out an action actively (walking, running, jumping) or as well as suffers interference stimuli (Impact, stumble, visual stimulation) to recover a stable state [1] . Studies have shown that the human body maintains dynamic balance through the synergy of vision, vestibule, proprioception and central nervous system [2] . Thus it can be corroborated that the adjustment process of human dynamic balance is a complicated nonlinear system, and building a nonlinear model for human dynamic balance plays an extremely important role in promoting further research on the dynamic balance and improving the medical level.
The domestic and foreign scholars have made enormous amount of advanced research on the modeling of human motion system, and put forward a number of modeling methods for human dynamic system. The model of spring-damper-mass mechanics mainly studied human dynamic characteristics of human motion balance [3] [4] , but it ignored the interrelationship between the body's joints and muscles as a result of their mechanical properties; multi rigid body biomechanical model was usually used to simulate some regular exercise [5] [6] , but the body itself is not a completely rigid structure, and the model of the pure rigid body lacks flexibility and self-regulation; an inverted pendulum model based on PD/PID controller is designed to realize the simulation of dynamic balance [7] , but the instability of the inverted pendulum model determines that this model can inaccurately describe the adjustment process of maintaining human dynamic balance because of the high degree of human body nonlinearity. Based on this, this study introduces the PSO optimization algorithm and the BP neural network algorithm to the identification of nonlinear system model for human dynamic balance. Compared with the traditional methods, the BP neural network can also establish the complex relationship between the nonlinear mapping of the kinematic data even if we cannot recognize the mathematical equation of the mapping relationship in advance. However, BP neural network is easy to fall into local minimum in the identification process, which leads to the hardly ideal prediction accuracy [8] [9] . The particle swarm optimization algorithm inspired by the group phenomenon with foraging behavior of birds and first proposed by Kennedy and Eberhart in 1995 generally improved the accuracy of network optimization [10] [11] .
In this article, firstly, the experiment is designed for acquisiting torques and angles of human ankle in the adjustment process of human body dynamic balance under the excitation of random visual according to the balance mechanism, and the result is extremely easy to fall into the local minimum by adopting BP neural network algorithm; then the particle swarm optimization algorithm is used to optimize the initial weights and thresholds of BP neural network, and identify the nonlinear system for human dynamic balance again. Finally, the prediction results before and after optimizing are analyzed comparatively.
Materials and Methods
Nonlinear system identification is a mathematical model of the nonlinear system which is defined by the relationship between input and output data. Therefore, it is necessary to identify the input and output values in the adjustment process of dynamic balance through the dynamic balance mechanism of human body. As shown in Fig.1 , the adjustment process of human dynamic balance possesses the characteristics of closed loop control system. When the body is subjected to external disturbance, the body sways, the joint angle and the center of the human body gravity change; the variation of these information will be perceived by the body corresponding sensory organs (including the vestibular organ, the visual organ, proprioceptive system), and then these feedback information will be transmitted to the central nervous system; the balance state restore under the regulation of the central nervous system with the corresponding joint torque produced in this regulatory process. 
System Composition
The experiment equipment in this research includes force platform, angle sensor and PC104 industrial grade data acquisition device.
The voltage signal obtained from force platform can be transformed into not only trajectory of the body' COP (center of pressure) but also torque of human ankle according to the principle of moment conservation to provide data source for nonlinear identification as the modeling input data. In the process of experiment, the weight of the subjects should be limited to the 90% measuring range of the equipment (below 90kg), otherwise it is highly possible to cause this equipment damage, or make the measurement data exist system errors.
The SCA100T series dual axis tilt sensor which is based on 3D-MEMS technology can be used for horizontal and vertical measuring with high resolution, low noise, anti-jamming, little affected by temperature. This device is applied to measure the angle of human ankle in the process of the experiment. The high resolution angle sensor of SCA100T series can satisfy the requirement of the experiment in terms of resolution and measurement range to ensure the smooth progress of the experiment in spite of the smaller variable angles at the ankle.
The industrial grade integrated controller PC104 with high stability which is fully compatible with the standard PC machine is highly suitable for achieving force signal acquisition in the adjustment process of human body dynamic balance and real-time storage.
Methods and Data Processing
Experimental Methods. In order to accurately evaluate the body dynamic balance ability and establish complete dynamic balance model for human body in the process of external excitation, this test applies the human balance test system based on random visual stimulation to measure the torque and angle of human ankle [12] . At the same time, advance preparation in the evaluation process is avoided by adopting the equiprobable random visual excitation. This study invited 50 healthy college students, including 29 men and 21 women. During the experiment, subjects stand on the force platform with both hands down naturally, first of all, adjusting their COP position to the center at the origin, as shown in Fig.2 ; after that, there will be a random target on the screen, subjects mainly depend on the sway of the body to control human COP effortlessly so that it reaches the random target circle, and then track another target circle after keeping one second. In order to make the subjects freely and lightly control the body's COP, we can regulate the difficulty coefficient according to the demands of the participants. During the test, the subjects' hands must not be arbitrarily swung and the legs must not be lifted at will. Frequency of the force platform and the tilt sensor used in this experiment are both 20Hz. Modeling data will be acquisited for 6000 groups, namely, the acquisition time is required for 300 seconds. Torque Calculation. The three force sensors signal of force platform is converted into the torque according to the principle of conservation of torque. As shown in Fig.3 , assuming that the three force signal F1, F2, F3 correspond the three sensors S1, S2, S3 respectively, and horizontal distance from the ankle to the sensor S1 is set for L1, to the sensor S2, S3 where is linear horizontal distance set for L2, and T is set as the ankle torque. In order to fix subjects standing position and get really effective data conveniently, adopting the method of laser positioning human ankle, namely, a laser pen is fixed on the left side of platform, and subjects should stand the correct position so that the laser beam could shine the position of human ankle.
As shown in formula (1), the ankle torque values in the dynamic balance process for human body are obtained according to the principle of moment conservation.
PSO-BP Neural Network Algorithm
The particle swarm optimization algorithm is inspired by the group phenomenon with foraging behavior of birds. In a search space, there is a population of particles ) , , , (
, where the i-th particle is represented by a D dimensional vector. Position of the i-th particle in D-dimensional space
  ，then the position of each particle X corresponding fitness value is calculated according to the objective function. Supposing that the speed of the i-th particle
  , the search for optimal individual extremum
  , and the search for optimal population global extreme
. In each iteration, the velocity and position of the individual particle are updated by the individual and global extremum [13] . The update operations of particles are shown in the follow formulas： ) ( ) ( 
separately.
In this study, the weights and thresholds of BP neural network are optimized by particle swarm optimization. Its optimization process can be seen from figure 7, the specific implementation steps are as follows: ① Initialize the BP neural network structure and particle population. In this paper, the network structure is 2-5-1; the input layer includes two nodes represented by the torque of human ankle of the current and previous moment; the output layer has a node represented by the angle of human ankle corresponding to the torque of the current moment. The parameters are set as follows: the number of particles used in the swarm (25), the learning factors ( 5 .
), the evolution time (100), the maximum iteration number ( 5000  K ), the target error (0.001) [14] . ② Set the fitness function. The network training error is represented as the particle's fitness value which can evaluate the advantage and disadvantage of individual particles and guide the search of the population, the fitness formula is shown as follow:
In the formula (4) : N with the number of samples; i Y with the prediction of the first sample output; i y with the expected output of i-th sample. ③ Assign the current fitness values as the new personal best and keep previous personal best; Assign the personal best of the best particle as the global best. ④ The velocity and position of particles are updated according to the formula (2) and (3). ⑤ Repeat ② to ④ steps above, until it is satisfactory to reach the set maximum number of iterations or prescriptive convergence accuracy of the object function.
⑥ The global optimal solutions obtained in the algorithm operation process is corresponding to the weights and thresholds of the BP neural network, bought into the BP neural network for learning and training.
In this paper, the identification data is the 6000 sets of torque and angle values of human ankle acquisited under the random vision excitation. In particular, the 5400 sets of data are used for the network training and the remaining 100 sets of data are used for the network prediction after excluding the initial unsuitable time and final fatigue time.
Results and Discussion
This study applies MATLAB to achieve the design of BP neural network, training and PSO algorithm, and verify the feasibility in nonlinear modeling of human dynamic balance and the progressiveness of particle swarm optimization algorithm by comparing the forecast data with the original data. Fig.4 presents the curve comparison chart between the forecast output and the expected output for BP neural network, whose horizontal coordinates and longitudinal coordinates respectively represents the number of predictive samples and angle values of human ankle. We can see that the predictive output can approximate the expected output by adopting simple BP neural network modeling from the comparison of the curve chart, but the accuracy of the model is not satisfactory exceedingly and there is still a large deviation for the output value of the model prediction by adjusting the related parameters of BP neural network repeatedly.
From what has been discussed above, this is the non-ideal result that BP neural network is easy to fall into local minimum in the nonlinear identification process. In order to overcome the defects of BP prediction algorithm, such as easy to fall into local minima, sensitivity of the initial weights and thresholds, the prediction model of BP neural network is combined with PSO algorithm.
The comparison curve between forecast output and expected output of the model based on PSO-BP neural network is shown in Fig.5 . Compared with the traditional BP neural network, PSO algorithm optimizing BP neural network can more accurately predict the true angle output at the ankle and its predictive result is more highly similar to the expected output than that of applying BP neural network simply.
The prediction error curve and the percentage curve of prediction error before and after optimization are shown in Fig.6 and Fig.7 respectively. It can be seen that the prediction accuracy of BP neural network optimized by PSO algorithm is significantly higher than that of the BP neural network without optimization, and the identification accuracy is greatly improved by comparing the prediction error and the percentage error of the two curves.
In order to make a further comparison of the prediction results, the root mean square error is introduced as the basis of the discrimination, namely, the smaller RMS error is, the higher accuracy the model identifies with.
In the formula(10), i A represents the i-th predictive output value, i E represents the i-th expected output value, n is the total sample number.
After a comparative analysis, table 1 showed that PSO-BP model is obviously better than the simple BP model from these aspects of the maximum value, minimum value and average value of the prediction error and the prediction root-mean-square after optimization by PSO percentage error. The relative error of was 2.67% lower than that of not being optimized. 
Conclusions
The BP neural network model adopted to identify the nonlinear system of human dynamic balance had a comparatively ideal feasibility.
This article adopted the PSO algorithm to improve the ability of global exploration by optimizing with BP neural network weights and threshold as the particles vector. Obviously, it is reasonable and successful to improve the BP neural network algorithm shortcoming which is brought on the basis of the past experience easy to fall into local minimum and overcome the inaccuracies of the model parameters. We concluded that PSO-BP algorithm had a higher predicted accuracy and a better generalization performance through the results of simulation and quantitative comparison between PSO-BP neural network and the traditional BP neural network.
Experimental data used in the study were torque and angle values of human ankle generated under the random visual excitation when human maintained dynamic balance. In the next step, lower limb electromyographic signal and the human COP coordinate would be acquisited to add to the identification of human dynamic balance for further enhancing identification accuracy so that it can be better applied to the medical field.
